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MEASURING PROPERTIES OF A
MULTIPHASE MIXTURE FLOW

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation-in-part of co-pending
U.S. patent application Ser. No. 12/769,781 filed Apr. 29,
2010, which 1s incorporated herein by reference in 1ts
entirety.

BACKGROUND

Embodiments of the present invention relate to determin-
ing properties ol a flow of a multiphase mixture comprising
a mixture of a gas phase, an o1l phase and a water phase.

It 1s desirable during the production of o1l and gas to carry
out flow measurements to determine the flow rates of
individual phases of the multiphase flow. In particular,
measurement of the volume fractions and tlow velocities of
e.g., o1l, gas and water 1n a conduit, such as a pipe, 1s highly
desirable. It 1s also desirable to determine properties of the
multiphase mixture, such as salinity of water in the mixture,
as this provides information about the mixture and may
aflect other measurements being made on the multiphase
mixture.

However, 1n general 1t may be diflicult to obtain mea-
surements or determine properties of the flow of the different
phases when they flow simultaneously through a pipe.

This difficulty 1s primarily due to the wide variety of flow
regimes such a multiphase flow can take. For example, the
three phases can be well mixed together with one as the
continuous phase and the other two dispersed within it.
Mostly there 1s phase separation between gas and liquid with
the liquid often moving at a much lower velocity than the
gas.

When gas 1s the dominant phase, a commonly encoun-
tered flow regime 1n a vertical pipe 1s for the gas to travel
along the centre of the pipe with dispersed droplets of o1l and
water within 1t, whilst the majority of the o1l and water
travels along the pipe wall which itsell may comprise
entrained gas bubbles. In a near horizontal pipe, the majority
of the o1l and water tends to travel along the bottom part of
the pipe, with gas traveling along the pipe top part.

Additionally, flow phase and velocity distributions may
alter both spatially and temporally. Sudden or gradual varia-
tion 1n flow rates of one phase or another may cause a change
in flow regime. Also, due to the high pressure encountered
deep underground or below seabed, a flow which 1s mixed
or 1 bubble-flow regime can become dominated by a
discernible high gas fraction as the pressure drops nearer the
ground or subsea surface and the gas expands and/or comes
out of solution.

Multiphase flowmeters and sensors for determining prop-
erties of multiphase flows are available and have been
suggested 1n the prior art. In general, multiphase flowmeters
and multiphase sensors are positioned such that the meters/
sensors encounter an identified set of flow regimes. For
example, meters/sensors are olten positioned 1n vertical
sections of a pipe transporting the multiphase mixture with
the use of a horizontal blind-tee inlet pipe section; as annular
flow 1s the dominant flow regime 1n such a vertical pipe
section when gas 1s the dominant phase, the readings from
the sensors can be analysed to determine properties of the
multiphase mixture based upon the understanding that the
flow regime 1s annular.
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The use of electromagnetic methods, such as microwaves,
has been suggested because of their high measurement
sensitivity to the presence of the water phase 1n a multiphase
flow (water permittivity/conductivity 1s much higher than
the permittivity/conductivity of the hydrocarbon oil-gas
phases). U.S. Pat. No. 6,831,470 of the Applicant teaches the
use of a microwave open-ended coaxial reflection probe to
measure the reflected-signal amplitude-attenuation and
phase-shift values representative of mixture permittivity and
mixture conductivity to obtain an online estimate of water
conductivity of a multiphase flow. An estimate of the water-
to-liquid ratio (WLR) immune to water-salinity change 1s
also possible 1f the liquid layer 1n the vicinity of the probe
1s intermittently (1in time) substantially free of entrained gas
and has a thickness higher than the probe’s depth of inves-
tigation.

U.S. Pat. No. 7,942,065, of the Applicant utilises a
transmission electromagnetic approach, in combination with
a venturi diflerential-pressure sensor (for total flow rate) and
a gamma-ray radiation sensor (for gas-liquid mixture den-
sity). The across-pipe transmission microwaves are used to
measure the amplitude-attenuation and phase-shift values
representative of mixture permittivity and mixture conduc-
tivity over the vertical pipe cross-section of the venturi
throat, for water and hydrocarbon (oi1l/gas) discrimination.
The gamma rays are employed 1n the same venturi-throat
pipe cross-section for gas and liquid (o1l/water) discrimina-
tion, by measuring the average fluid mixture density across
pipe. By employing three-phase density and permittivity
and/or conductivity mixing rules, measures of water frac-
tion, o1l fraction (hence of the WLR) and gas fraction can be
obtained. Measured ventur: diferential pressure and/or fur-
ther microwave sensors measured flow velocity in the ven-
turt can be used to provide an estimate of the individual
phase tlow rate, from the measured 1individual phase fraction
and the total flow rate and/or the phase velocity data. As
disclosed 1n U.S. Pat. No. 6,831,470, RF/microwave trans-
mission approach also permits online water-conductivity
estimate from the measured values representative of the
mixture permittivity and mixture conductivity.

U.S. Pat. No. 5,485,743 of the Applicant discloses a
method for measuring multiphase tflows 1n a pipe using an
array (e.g., twelve) of microwave antennas arranged around
the pipe. Each antenna 1s capable of transmitting microwave
energy (at one or more Irequencies) into the pipe and
detecting propagated microwave energy in the pipe. Micro-
wave energy from each antenna 1s transmitted in turn while
the propagated microwave energy 1s detected at the non-
transmitting antennas so as to generate multiple amplitude-
attenuation and phase-shiit output signals. The output sig-
nals from all antennas combinations are interpreted by an
appropriate mathematical inversion algorithm, e.g., as tlow
permittivity-conductivity  cross-sectional  tomographic
images, so as to measure the flow phase fractions and to
visualise flow phase distributions in the pipe. Only absolute
measurements are disclosed and no differential-measure-
ment scheme (of measuring amplitude-attenuation ratio and
phase-shiit difference of chosen two receivers, with respect
to one chosen transmitter) 1s mentioned.

U.S. Pat. No. 7,624,652 discloses a differential-measure-
ment configuration based on one transmitter and two receiv-
ers, where the amplitude-attenuation ratio and/or phase-shiit
difference of the two recervers, measured at multiple fre-
quencies with respect to a chosen transmitter, are used for
flow-mixture dielectric-constant determination.

In all of these electromagnetic methods, a measure of the
permittivity and conductivity of the flow mixture 1s involved
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by analysing phase-shift and amplitude-attenuation. Permit-
tivity and/or conductivity data allows a host of useful flow

information within the conduit to be obtained, such as water
conductivity, water fraction, WLR, flow rates of individual
phases, 1n combination with a diflerential pressure and a
nuclear mixture-density measurement; information as to the
distribution of fluid phases within the conduit can be
obtained from measurements of a plurality of RF/microwave
antennas arranged around the conduait.

SUMMARY

In embodiments of the present invention, a sensor(s) 1s
positioned in a blind-tee and used to determine lLiquid
properties (water conductivity, water volume {fraction,
water-in-liquid ratio and/or the like) of a multiphase mixture
flowing through the blind-tee. Connected to a horizontal
oil-gas production transportation pipe, the blind-tee com-
prises a horizontal section of pipe that 1s 1n fluid commu-
nication with a vertical section of the pipe and 1s configured
to provide that the multiphase mixture flows into the hori-
zontal section of pipe and out through the vertical section of
pipe. The vertical section may extend vertically upwards
from the horizontal section or vertically downwards from
the horizontal section. In some embodiments, the sensor 1s
coupled with the horizontal section of the blind-tee. In other
embodiments, the sensor 1s coupled with an end of the
blind-tee. In some embodiments, multiple sensors are dis-
posed at different locations in the blind tee.

In embodiments of the present disclosure, the sensor may
comprise one or more antennas/transcervers for transmitting
an input eclectromagnetic signal at one or a plurality of
frequencies 1mto the multiphase mixture and receiving a
received electromagnetic signal that has passed through at
least a portion of the multiphase mixture. In some aspects,
properties such as amplitude-attenuation and/or phase-shift
of the recerved electromagnetic signal relative to the 1nput,
at one or a plurality of frequencies, may be used to determine
permittivity and/or conductivity properties of the multiphase
mixture. In some embodiments, the sensor(s) may be dis-
posed at locations 1n the blind-tee that are liquid rich because
of the flow of the multiphase mixture through the blind-tee.

Previously, the estimate of the permittivity and/or con-
ductivity mnvolves taking into account factors influencing the
quality of the transmitted and/or recerved signal, such as the
thermal stability of the electronics-circuit amplification-gain
applied to the receiving and/or transmitting antennas, the
variations in the antennas’ connecting cables and/or 1n the
antennas’ load impedances due to e.g., changes in fluid
temperature or aging, etc.

This 1s normally not a problem 1n a controlled laboratory
environment, since such factors are usually known and can
be accounted for by appropriate calibrations and/or correc-
tions. However, 1n a permanent or unmanned oilfield mea-
surement environment such as offshore and/or subsea, gain
levels 1n the electronics measurement circuits can drift over
time and/or with temperature. Additionally, the transmitted
and/or recerved signal may be aflected by other factors, such
as a build-up of wax material in front of the antenna, aging
of the circuitry, etc. These latter problems can be particularly
problematic when the flow measurement 1s taken 1n an
oilficld environment, where very high pressures and tem-
peratures exacerbate these factors.

In some embodiments of the disclosure, the permittivity
and/or conductivity of a multiphase fluid flowing through a
blind-tee 1s measured. The permittivity and/or conductivity
may be determined by measuring the signal from a first
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clectromagnetic transmitter to a first electromagnetic
receiver separated by a first distance, measuring the signal
from the first electromagnetic transmitter to a second elec-
tromagnetic receiver separated by a second distance, mea-
suring the signal from a second electromagnetic transmitter
to the first electromagnetic receiver separated by a distance
substantially equal to the second distance, measuring the
signal from the second electromagnetic transmitter to the
second electromagnetic receiver separated by a distance
substantially equal to the first distance, and wherein the first
and second distances are substantially different, followed by
combining the four signals to obtain a measurement of the
phase-shift and amplitude-attenuation substantially indepen-
dent of the gain values applied to the paths of receivers and
transmitters to provide an estimate of the mixture permit-
tivity and/or conductivity of the multiphase fluid.

Thus, by combining the four signals in a particular
manner 1t has been found to be possible to obtain a measure
of phase-shift and amplitude-attenuation which 1s substan-
tially independent of factors other than those provided by the
multiphase fluid travelling through the conduit. Therefore, a
more accurate estimate of permittivity and/or conductivity
can be obtained and the accuracy 1s maintained over time,
despite drifts which may occur 1n the gain values of the
measurement paths related to both the transmitting and the
receiving antennas.

The values of permittivity and/or conductivity obtained
are also called complex permittivity. The “true” permittivity
characterizing energy storage and the conductivity due to
energy-dissipation losses can be combined in a known
manner, given the measurement frequency.

Typically, the transmitting and receiving antennas are able
to operate as a pure magnetic dipole and/or as a pure electric
dipole. In some aspects, the antennas are capable of oper-
ating as both pure magnetic and pure electric dipoles. In
embodiments of pure magnetic-dipole antennas covered by
a protective dielectric-material window, mixture permittiv-
ity and 1n particular mixture conductivity can still be effec-
tively determined from magnetic-dipole induced amplitude-
attenuation and/or phase-shift properties of the received
clectromagnetic signal. The antennas with the dielectric
window may be substantially flush mounted with the blind-
tee and build-up of deposits on the window of the antennas
may not adversely aflfect the determination of the permit-
tivity and/or conductivity of multiphase flow mixture con-
taining water. Therefore the subsequent determination of the
liquid properties (including the water conductivity) may not
be adversely aflected.

For example, a simple antenna would be an open-ended
coaxial probe that behaves as an electric dipole; the deter-
mination of mixture (hence water) conductivity may be

aflected by wax deposition on 1ts open-ended sensing aper-
ture. A more elaborate and robust design of antenna 1s shown
in EP 1901 094 of the Applicant which 1s a cross-dipole of
pure magnetic-dipole antennas. The orthogonality of the two
cross dipole modes 1s ensured with a high degree of 1sola-
tion. Only one magnetic dipole of the two cross dipoles may
be used 1n an antenna design 1n some embodiments. Antenna
as a superposition of a substantially pure electric dipole and
a substantially pure magnetic dipole 1s shown in EP 1983
357 of the Applicant.

In some embodiments, the signals may be transmitted and
received at one or more frequencies in the radio frequency
(RF) and/or microwave frequency spectrum. For example,
the signals may have a frequency or multiple frequencies of

from 10 MHz to 10 GHz.
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In some embodiments, at least two transmitters and at
least two receivers may be used for each measurement
frequency. In such embodiments, the four available signals
may be combined to eliminate undesirable influencing fac-
tors. In such embodiments, the distance between a first
transmitter and a {first receiver (the first distance) and that
between the first transmitter and a second receiver (the
second distance) may be significantly different to each other.
This means that the difference of the first and the second
distance may be at least 10%, or at least 20%.

In some embodiments, the distance between a second
transmitter and the first receiver 1s substantially equal to the
second distance. Also the distance between a second trans-
mitter to the second receiver 1s substantially equal to the first
distance. As used herein, the term “substantially equal”
means that the distances are within the order of 1% of the
first and second distance respectively and more preferably
within 0.5%.

Typically the conduit sections of the blind-tee have a
circular cross-section (but embodiments of the present
invention are not limited to blind-tees comprising pipe
sections having a circular cross-section). The transmaitters
and recervers are typically flush-mounted on the 1nside face
of the conduit. In some aspects, the transmitters and receiv-
ers may be located at the same axial plane of the conduit or
they may be positioned at differing axial planes.

In some embodiments, a multiphase tlow sensor 1s pro-
vided comprising at least two electromagnetic transmitters
and at least two electromagnetic receivers, coupled with
clectromagnetic generation and reception circuitry respec-
tively, and coupled to a microprocessor, wherein the trans-
mitters, receivers, circuitry and the microprocessor are
arranged to carry out the method described herein.

In an embodiment where the conduit of the blind-tee has
a circular cross-section and the transmitters and receivers are
all arranged 1n the same axial position, the spacing require-
ments of the imvention requires that they be arranged sub-
stantially with a line of symmetry passing through the centre
of the condwt. This means that the second transmitter and
second receiver must be positioned 1n effective mirror image
positions relative to the first transmitter and first receiver
respectively about the centre line of symmetry. This ensures
that the relative positioning and spacing requirements of the
invention are met.

In some embodiments, more than two transmaitters and/or
more than two receivers may be used. Additional transmit-
ters and recervers can give further improvements 1n accuracy
and/or 1n versatility by covering different regions or depths
ol a pipe cross section and/or of different pipe cross sections,
however only the basic combinations of two of each at a
time are necessary in order to eliminate the undesirable
tactors aflecting the signals. Therefore, there 1s a tomogra-
phy flow 1imaging capability from having additional trans-
mitters and receivers in the same cross-sectional plane
and/or 1n different cross-sectional planes. However, a mod-
est number of antennas acting as transmitters or receivers or
both, say up to sixteen in a cross-sectional plane, can be
advantageously chosen as a full tomography system. Addi-
tionally, for a non-tomography system, from two to six
transmitters provides a good balance between measurement
speed, pipe-area coverage, accuracy and cost.

In some embodiments, an arrangement with more than
two transmitters or more than two receivers may be used to
generate more than one set of four “absolute measurements”.
For example, an arrangement with two transmitters and four
receivers can generate eight absolute measurements. From
these eight measurements 1t 1s possible to generate two

10

15

20

25

30

35

40

45

50

55

60

65

6

separate groups (each group being related to each transmit-
ter) of four absolute readings. Thus, two compensated

(transmitter-receiver path gain-immune) measurements
according to the invention can be generated by differencing
the same group and averaging the group-diflerences appro-
priately to provide greater accuracy.

Another advantage of having more than two transmitters
or more than two receivers 1s that they can be arranged
around the conduit to probe diflerent regions or depths of the
conduit.

For example two transmitters could be positioned, say 30°
apart. Two receivers could then be positioned each a further
30° from the transmitters. Two additional recervers could
then be positioned opposite the respective transmitters. By
use of the “near” receivers, information on the condition 1n
the vicinity of the inner wall of the conduit can be obtained.
By use of the “far” receivers, information on the cross-pipe
diameter can be obtained. Such measurements made rapidly
may be combined to derive further information on the
instantaneous spatial distribution of the phases of the flow.
Thus, the first distance may span substantially across the
conduit and the second distance may span substantially
adjacent an inside wall of the conduit.

In embodiments of the present invention, the water con-
ductivity (hence salinity) can be determined from the mix-
ture permittivity and/or conductivity, as described i U.S.
Pat. No. 6,831,470, which 1s incorporated herein by refer-
ence for all purposes. The derived salinity may be used to
determine origins of the water in the multiphase flow or
wet-gas flow mixture, 1.e., condensed (fresh) water, forma-
tion water, mjected water and/or the like and may be further
used so that measurement of water fraction, water-in-liquid
ratio (WLR) and/or the like from other sensors (such as a
dual-energy gamma-ray system) are made correctly by tak-
ing nto account any changes 1n salimity. Furthermore, the
water fraction and/or WLR of the multiphase or wet-gas
flow mixture can be derived from the mixture permittivity
and/or conductivity of the tlow by the use of appropnate
permittivity and conductivity mixing rules. The detection of
first water, changes 1n water volume fraction and 1n the water
conductivity (salinity) in a subsea gas well 1s particularly
important for flow assurance purposes. The risks of hydrate
plugging and/or corrosion to long subsea flow lines may be
mitigated by injecting a correct dosage of hydrate and/or
corrosion inhibitors with the appropriate sensor input.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure 1s described 1n conjunction with
the appended figures:

FIG. 1 1llustrates high gas-volume-fraction turbulent flow
of a multiphase mixture through a blind-tee, with liquid
(water) regions indicated;

FIGS. 2A & B illustrate sensor systems for determining
liquid properties (water conductivity/salinity, water volume
fraction and/or water liquid ratio) of a multiphase mixture
flowing through a blind-tee conduit, in accordance with an
embodiment of the present invention;

FIGS. 3A and 3B illustrate compact near-wall sensor
antenna plugs that may be used to determine liquid proper-
ties ol a multiphase mixture in accordance with one embodi-
ment of the present invention;

FIG. 4 illustrates correlation between permittivity of a
liquid-rich phase of a multiphase mixture, as measured
rapidly by a system in accordance with an embodiment of
the present invention, and liquid properties of the multiphase
mixture:
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FIG. 5 illustrates rapid detection of changes 1n flow
mixture permittivity and fresh-water conductivity by a
microwave open-coaxial probe installed at end-section of
the blind-tee, 1n accordance with an embodiment of the
present invention;

FIG. 6 1s a schematic representation of a cross-sectional
view through a conduit comprising two transmitters and two
receivers arranged to carry out the method of the present
invention;

FIG. 7 1s a schematic view of a conduit flush mounted
with a compact probe (near-wall sensor) comprising two
open-ended-coaxial transmitters and two open-ended-co-
axial receivers arranged to carry out the method of the
present mvention;

FIG. 8 1s a schematic representation of a cross-sectional
view through another conduit comprising two transmitters
and four receivers arranged to carry out the method of the
present mvention;

FIG. 9 1s a schematic representation of a cross-sectional
view of another conduit comprising two transmitters and
four recervers arranged to carry out the method of the
present mvention;

FIG. 10 1s a schematic representation 1n oblique view of
another conduit comprising two transmitters and two receiv-
ers arranged to carry out the method of the present invention;

FIG. 11 1s a circuit schematic diagram showing how two
transmitters and two receivers can be employed according to
the method of the invention;

FI1G. 12 1s a flow chart, illustrating how the signals from
an arrangement having two transmitters and four receivers
can be combined according to the method of the present
invention; and

FIG. 13 1s a flow chart, illustrating how the signals from
a general arrangement having two transmitters and n receiv-
ers can be combined according to the method of the present
invention.

In the appended figures, similar components and/or fea-
tures may have the same reference label. Further, various
components of the same type may be distinguished by
tollowing the reference label by a dash and a second label
that distinguishes among the similar components. If only the
first reference label 1s used in the specification, the descrip-
tion 1s applicable to any one of the similar components

having the same first reference label irrespective of the
second reference label.

DESCRIPTION

The ensuing description provides preferred exemplary
embodiment(s) only, and 1s not mtended to limit the scope,
applicability or configuration of the mvention. Rather, the
ensuing description of the preferred exemplary embodi-
ment(s) will provide those skilled 1n the art with an enabling,
description for implementing a preferred exemplary
embodiment of the invention. It being understood that
various changes may be made 1n the function and arrange-
ment of elements without departing from the scope of the
invention as set forth 1 the appended claims.

Specific details are given 1n the following description to
provide a thorough understanding of the embodiments.
However, it will be understood by one of ordinary skill in the
art that the embodiments maybe practiced without these
specific details. For example, circuits may be shown in block
diagrams 1n order not to obscure the embodiments 1n unnec-
essary detail. In other instances, well-known circuits, pro-
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cesses, algorithms, structures, and techniques may be shown
without unnecessary detail in order to avoid obscuring the
embodiments.

Also, 1t 1s noted that the embodiments may be described
as a process which 1s depicted as a flowchart, a flow
diagram, a data flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe the operations
as a sequential process, many of the operations can be
performed in parallel or concurrently. In addition, the order
of the operations may be re-arranged. A process 1s termi-
nated when 1ts operations are completed, but could have
additional steps not included 1n the figure. A process may
correspond to a method, a function, a procedure, a subrou-
tine, a subprogram, etc. When a process corresponds to a
function, 1ts termination corresponds to a return of the
function to the calling function or the main function.

Moreover, as disclosed herein, the term ““storage medium”
may represent one or more devices for storing data, includ-
ing read only memory (ROM), random access memory
(RAM), magnetic RAM, core memory, magnetic disk stor-
age mediums, optical storage mediums, flash memory
devices and/or other machine readable mediums for storing
information. The term “computer-readable medium”
includes, but 1s not limited to portable or fixed storage
devices, optical storage devices, wireless channels and vari-
ous other mediums capable of storing, containing or carry-
ing instruction(s) and/or data.

Furthermore, embodiments may be implemented by hard-
ware, software, firmware, middleware, microcode, hardware
description languages or any combination thereol. When
implemented 1n software, firmware, middleware or micro-
code, the program code or code segments to perform the
necessary tasks may be stored in a machine readable
medium such as storage medium. A processor(s) may per-
form the necessary tasks. A code segment may represent a
procedure, a function, a subprogram, a program, a routine,
a subroutine, a module, a software package, a class or any
combination of instructions, data structures, or program
statements. A code segment may be coupled to another code
segment or a hardware circuit by passing and/or receiving,
information, data, arguments, parameters or memory con-
tents. Information, arguments, parameters, data, etc., may be
passed, forwarded, or transmitted via any suitable means
including memory sharing, message passing, token passing,
network transmission, etc.

Merely by way of example, early water detection and
water-salinity change detection may be used for subsea
wet-gas well flow assurance applications in terms ol miti-
gating the risks of hydrate formation and corrosion 1n subsea
long flow lines. The use of electromagnetic methods, such as
microwaves, has previously been used because of their high
measurement sensitivity to the presence of the water phase
in a multiphase flow (water permittivity/conductivity 1is
much higher than the permittivity/conductivity of the hydro-
carbon oil-gas phases). U.S. Pat. No. 6,831,470 of the
Applicant teaches the use of a microwave open-ended
coaxial reflection probe to measure values representative of
the mixture permittivity and mixture conductivity to obtain
an online estimate of water conductivity (salimity) of a
multiphase flow. An estimate of the water-to-liquid ratio
(WLR) corrected for to water-salinity change 1s also pos-
sible if the liquid layer in the vicimity of the probe 1s
substantially free of entrained gas and has a thickness higher
than the probe’s depth of mvestigation.

Whereas previously sensors have often been used 1n
vertical sections of a pipeline, 1n embodiments of the present
disclosure, a high sensitivity for early water detection and
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water-salinity change detection 1s achieved by using an
clectromagnetic sensor that 1s disposed in a horizontal
blind-tee section that 1s often used as an inlet configuration
of a vertically installed multiphase flow meter. In this
location, 1t has been found through experimental studies that
although the flow regime 1s turbulent under very high
gas-flow conditions, 1f the sensor 1s positioned 1n the lower
part of the horizontal section of the blind-tee or a lower
portion of the an end section of the blind-tee, 1.e., below the
midpoint of the pipe section making up the horizontal
section of the blind tee, the sensor 1s 1n a location that 1s
locally liquid (water) rich.

FIG. 1 illustrates high-gas turbulent flow of a multiphase
mixture through a blind-tee. The turbulent flow was captured
in flow visualization studies 1n combination with microwave
sensor cross-pipe and near-wall measurements.

As shown 1 FIG. 1, a fluid 1s flowed through a bind-tee
2. The blind-tee 2 comprises a horizontal conduit section 3 A,
a vertical conduit section 3B and an end section 4. The
horizontal conduit section 3A has a mid-point 6 describing
a plane that bisects the horizontal conduit section 3A. As can
be seen in FIG. 1, the flow of the fluid 1s turbulent as the fluid
interacts with the end section 4 and 1ts flows 1s changed by
90 degrees as the tlow passes from the horizontal conduit
section 3A to the vertical conduit section 3B.

However, as found by Applicants and illustrated 1n FIG.
1, a liquid rich region(s) 7A 1s generated 1n the turbulent flow
at the bottom of the horizontal conduit section 3A. More-
over, the liquid rich region(s) 7A 1s more pronounced than
the liquid layer seen in the flow upstream and/or down-
stream of the liquid rich region(s) 7A.

In one embodiment of the present invention (not shown),
the blind-tee 2, may be rotated 180 degrees such that the
vertical section 3B extends vertically downwards from the
horizontal conduit section 3A. In such a configuration,
Applicants have found pronounced liquid rich regions on the
bottom half of the horizontal conduit section 3A between the
opening of the vertical conduit section 3B and the end
section 4 and on the bottom half of the horizontal conduit
section 3 A appurtenant to and upstream of the opening of the
vertical conduit section 3B.

Applicants have found that while a blind-tee does not
separate the phases of the multiphase mixture, 1t produces
locations at the bottom of the horizontal section that are 1n
general liquid rich. It has been found that these locations
may be more liquid rich than other pipe locations whatever
the composition/gas-volume-fraction/liquid-fraction of the
multiphase mixture.

FIG. 2A illustrates a system for determining liquid prop-
erties (water conductivity/salinity, water volume Iraction
and/or water liquid ratio WLR) of a multiphase mixture
flowing through a conduit, 1n accordance with an embodi-
ment of the present ivention. The liquid properties mea-
suring system comprises a blind tee 10 and one or more
clectromagnetic sensors 15.

The blind tee 10 comprises an 1nlet 12, a first conduit, 18,
an outlet 14, an end section 16 and a second conduit 22. In
use, the multiphase mixture flows into the blind tee 10
through the inlet 12, along the first conduit 18, through the
second conduit 22 and out through the outlet 14. The end
section 16 acts as a barrier that forces the flow of the
multiphase mixture mto the second conduit 22. In general,
the blind tee 10 1s configured so that the first conduit 18 1s
approximately horizontal and the second conduit 22 1is
approximately vertical. In embodiments of the present dis-
closure, the horizontal orientation of the first conduit pro-
vides that a bottom section 26 of the first conduit 18 1s liquid
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rich and an upper section 24 of the first conduit 18 1s gas
rich. In some aspects of the present immvention, the second
conduit 22 may not be vertically upwards, but may be
arranged vertically downwards, or at various angles with
respect to the first conduit 18.

As described with respect to FIG. 1, 1t has been found that
even 1n multiphase flows with high gas-to-liquid ratios (i.e.,
wet gas with gas volume fraction GVF>95%), liquid rich
regions are produced in the bottom section 26. In some
aspects, 1t has been found that liquid rich regions are
produced 1n the blind tee 10 proximal to the end section 16
and/or beneath an opening 27 of the second conduit 22. In
embodiments of the present invention, the first conduit may
be of the order of 5 meters or less 1 length. In some
embodiments, the first conduit may be of the order of meters
in length. In some embodiments the first conduit may be of
the order of less than a meter 1n length. In some aspects, 1t
has been found that more pronounced liquid rich regions
may be produced when the end section 16 and the opening
27 are separated by a section of the first conduit 18, as
illustrated i FIG. 2.

In embodiments of the present invention, one or more
clectromagnetic sensors 15 (as further described herein) may
be disposed below a central axis 25 of the first conduit 18.
For example, the electromagnetic sensor 15A may be dis-
posed 1n the bottom section 26 directly below the opening
27. Alternatively or in combination with the previous
arrangement, the electromagnetic sensor 15B may be
coupled with the end section 16. In embodiments of the
present invention one or more of the electromagnetic sensors
15 may be disposed on the underside of the first conduit 18,
in the bottom section 26 and/or coupled with the end section
16 below the central axis 25. Positioning of the electromag-
netic sensor(s) 15 1n the manner described herein 1n the blind
tee 10 provides for interrogation of the liquid phase of the
multiphase mixture and hence for determination of the
properties (water conductivity/salinity, water volume frac-
tion and/or WLR) of the liquid phase. To measure the
properties of gas (e.g., permittivity change with pressure
and/or temperature), one or more of the electromagnetic
sensors 15 may be disposed on the topside of the first
conduit 18, in the upper section 24 above the central axis 25,
near the inlet section 12.

FIG. 2B illustrates a system for determining liquid prop-
erties (water conductivity/salinity, water volume Iraction
and/or water liquid ratio WLR) of a multiphase mixture
flowing through a conduit, 1n accordance with an embodi-
ment of the present mvention. The blind-tee 10 1s rotated
through 180 degrees compared to FIG. 2A such that the
vertical section 22 extends downwards with respect to the
horizontal section 18.

Applicants have found that flow of a multiphase mixture
through a blind-tee configured as 1n FI1G. 2B produces liquid
rich regions between the opening 27 and the end section 16
and/or proximal to and upstream of the opening 27. As such,
in some embodiments of the present invention, the electro-
magnetic sensors 15A-C may be disposed at these liquid rich
locations.

FIGS. 3A and 3B 1llustrate antenna plugs that may be used
to determine liquid properties of a multiphase mixture in
accordance with one embodiment of the present invention.
As 1illustrated 1 FIG. 2, electromagnetic sensors, electro-
magnetic antennas, electromagnetic transceivers and/or the
like may be disposed 1n the blind tee to interrogate the liquid
properties of the multiphase mixture. As further described
herein, the electromagnetic sensors, electromagnetic anten-
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nas, electromagnetic transceivers and/or the like may com-
prise many different forms, for example open-coaxial probe
antennas and/or the like.

In some embodiments, the electromagnetic sensors, elec-
tromagnetic antennas, electromagnetic transceivers and/or
the like may comprise an antenna plug 30 comprising a
plurality of receivers 33 and a plurality of transmitters 36.

In FIG. 3A the receivers 33A and the transmitters 36A
comprise 4 magnetic dipole antennas. In some embodi-
ments, the sensor-aperture may be covered by a protective
dielectric disc window 37A. The magnetic-dipole conduc-
tors (cross-aperture current probes) are configured 1n use not
to contact the liquid phase of the multiphase mixture.

In FIG. 3B the receivers 33B and the transmitters 368
comprise 4 open-coaxial-probe antennas. In such embodi-
ments, the receivers 33B and the transmitters 368 comprise
coaxial centre conductors that are configured 1n use to
contact the liquid phase of the multiphase mixture.

In some embodiments, a plurality of electromagnetic
sensors placed at the bottom section and/or the end section
of the blind-tee may be used to provide early water detection
and water-conductivity (salinity) detection from rapid, of the
order of 1 kHz or greater, measurements representative of
multiphase tlow mixture permittivity and/or conductivity.

FIG. 4 illustrates correlation between permittivity of a
liqguid-rich phase of a multiphase mixture, as measured by a
system 1n accordance with an embodiment of the present
invention, and liquid properties of the multiphase mixture.

FIG. 4 illustrates rapid (about 1 kHz or greater) detection
of changes in flow mixture permittivity by a microwave
open-coaxial probe installed at end-section of the blind-tee.
The data 1s from a flow-loop test for wet-gas of gas-volume-
fraction GVF=99.5% and varying WLRs. FIG. 4 illustrates
how permittivity of the liquid-rich multiphase mixture, as
measured by the open coaxial probe, changes with water-
to-liquid ratio of the multiphase mixture.

FIG. 3 1llustrates detection of changes 1n flow mixture
permittivity and mixture conductivity by a microwave open-
coaxial probe installed at end-section of the blind-tee, 1n
accordance with an embodiment of the present invention.

The data 1s from a tlow-loop test for wet-gas flow (of fresh
water) ol GVF=97%, WLR=3%, water volume {fraction

WVF=0.15%. Threshold for detecting water-rich mixture
permittivity data 1s 1llustrated as a yellow line 43.

As 1llustrated 1n FIG. 5, a rapid determination of the
occurrence and Ifrequency of mixture permittivity (and/or
conductivity) above a chosen threshold (e.g., above the
noise-floor of the oil-baseline reading) permits early water
detection and trending of the water-volume-fraction
(WVF=WLR (1-GVF)).

In embodiments of the present invention, the water-rich
part of the mixture permittivity and/or the mixture conduc-
tivity instantaneous data (as shown 1n FIG. 5) may be chosen
for the water-conductivity determination, by using the
method similar to that disclosed 1n U.S. Pat. No. 6,831,470,
incorporated herein by reference for all purposes.

For permanent subsea sensing applications of embodi-
ments of the present invention, achieving a robust water-
conductivity determination may require an RF/microwave
measurement system that 1s immune to the short- and
long-term drifts such as 1n the RF/microwave electronics
gains, 1 the aging of connecting RF cables and in the
sensing antennas installed at the blind-tee section. As such,
an 1mproved method of measuring phase-shift and ampli-
tude-attenuation (for the determination of mixture permit-
tivity and conductivity) that 1s immune to these intluencing,
tactors would be highly desirable.
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Thus, the 1n some embodiments an integrated compact
clectromagnetic sensor as depicted in FIGS. 3A and 3B with
two transmitters (1, and T,) and two receivers (R, and R.,)
may be used to measure the permittivity and/or conductivity
of a multiphase fluid flowing through a blind-tee conduat.
The method for performing such measurements may com-
prisc measuring the signal from a first electromagnetic
transmitter to a first electromagnetic receiver separated by a
first distance (r,), measuring the signal from the first elec-
tromagnetic transmitter to a second electromagnetic recerver
separated by a second distance (r,), measuring the signal
from a second electromagnetic transmitter to the first elec-
tromagnetic receiver separated by a distance substantially
equal to the second distance, measuring the signal from the
second electromagnetic transmitter to the second electro-
magnetic recerver separated by a distance substantially equal
to the first distance, and wherein the first and second
distances are substantially different, followed by combining
the four signals to obtain a measurement of the phase-shift
and amplitude-attenuation substantially independent of the
gain values applied to the receivers and transmitters to
provide an estimate of the mixture permittivity and/or con-
ductivity of the multiphase fluid.

Thus, by combining the four signals in a particular

manner 1t 1s possible to obtain a measure of phase-shiit and
amplitude-attenuation which 1s substantially independent of
factors other than those provided by the multiphase fluid 1n
the vicinity of the EM sensor(s). Therefore, a more accurate
estimate of permittivity and/or conductivity can be obtained
and the accuracy i1s maintained over time, despite driits
which may occur 1n the gain values of the measurement
paths related to both the transmitting and the receiving
antennas.
Typically, the transmitting and recerving antennas in the
EM sensor are able to operate as a pure magnetic dipole
and/or as a pure electric dipole. In some embodiments, they
are capable of operating as both pure magnetic and pure
clectric dipoles.

For example, a simple antenna would be an open-ended
coaxial probe that behaves as electric dipoles. A more
claborate design of antenna 1s shown 1n EP 1901 094 of the
Applicant which 1s a single-dipole or a cross-dipole of pure
magnetic-dipole antennas. Antenna as a superposition of a
substantially pure electric dipole and a substantially pure
magnetic dipole 1s shown 1 EP 1983 357 of the Applicant.

The signals are transmitted and received at one or more
frequencies in the radio frequency (RF) and/or microwave
frequency spectrum. Merely by way of example, the signals
may have a frequency or multiple frequencies of from 300
MHz to 300 GHz.

In some embodiments, at least two transmitters and at
least two recervers for each measurement frequency may be
used. The four available signals are then combined to
climinate undesirable influencing factors. In such embodi-
ments, the distance between a first transmitter and a first
receiver (the first distance) and that between the first trans-
mitter and a second receiver (the second distance) may be
significantly different to each other. In some embodiments,
the difference of the first and the second distance 1s at least
10%, more preferably at least 20%.

In some aspects, the distance between a second transmit-
ter and the first receiver 1s substantially equal to the second
distance. Also the distance between a second transmitter to
the second recerver may be substantially equal to the first
distance. As used herein, the term “substantially equal”
means that the distances are within 1% of the first and

second distance respectively, preterably within 0.5%.
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The transmuitters and receivers on an integrated (compact)
EM sensor are typically flush-mounted on the inside face of
the conduit. The at least two electromagnetic transmitters
and at least two electromagnetic receivers are coupled with
clectromagnetic generation and reception circuitry respec-
tively, and coupled to a microprocessor, wherein the trans-
mitters, receivers, circuitry and the microprocessor are
arranged to carry out the method described herein.

The water fraction of the multiphase flow mixture, e.g.,
the water-in-liquid ratio of the liquid 1n the vicinity of the
EM sensor(s) can be dertved from measurements represen-
tative of the mixture permittivity and conductivity by the use
of appropriate permittivity and conductivity mixing rules.
The water conductivity (salinity) can also be determined
from the mixture permittivity and conductivity (see U.S. Pat.
No. 6,831,470), so that water fraction and WLR estimates
can take account of any changes 1n salinity.

Turning to FIG. 6, four signals can be obtained rapidly
from the different T-R combinations of an EM sensor: near
and far receiver measurements (T,R,) and (T,R,) from the

transmitter T,, and near and far recerver measurements
(T,R,) and (T,R,) from the transmitter T,. These signals
depend on the combined antenna element and electronic
clement gain (G, G) of the transmitting and receiving
paths (e.g., a function of the transmitter-receiver electric/
magnetic dipole areas and their load impedances, gains of
transmitting and receiving amplifiers), and on the influence
of the multiphase flow medium that may be expressed with
a function 0 depending on antennas operating in a pure
clectric dipole mode or 1n a pure magnetic dipole mode, or
both. This function 0 depends on the wave number k of the
flow mixture i the vicinity of the EM sensor and the
distance r between the transmitting-receiving antennas, and
can be written as (see e.g., EP 1983357 of the Applicant):

; Eﬂkr
2
iy

| A3

. (1)
(1 — zkr)

magnetic- dipole

flk, r)oc<

(1 —ikr —k*r*) electric-diople

Here the wave number k 1s defined as

(W e
k=— le+1i ,
C (W,

where € and o are the flow mixture relative permittivity
(dielectric constant) and conductivity, respectively; ¢ 1s the
speed of light in vacuum, o the angular frequency of
transmission RE/microwave, and &,=8.854 pF/m.

With respect to FIG. 6, with a two-transmitter two-
receiver configuration (with r, and r, being the distances
between transmitters and receivers), the following four
transmission absolute-measurement signals (being complex
of magnitude and phase), rapidly obtainable from each of the
four combinations of transmitter and receiving antenna, can
be written as:

(2)

{ VTI,Rl — GTI GRI f(ka rl)a VT1=R2 — GTI Gﬂzf(ka f'z) (3)

Vi, ry = Gr, Gr [k, 12), Vr, gy, = Gp, G, flk, 1)
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It can be seen from equation 3 that, the effect of the (short-
and long-term) variations in the overall gamns (G, G,
G, Gp,) of both the transmitting antennas (T, T,) and the
recerving antennas (R,, R,) influence the signal reading
between any one transmitting antenna and any one receiving
antenna.

It 1s possible to rapidly process the ratio of the absolute
complex measurement of two of the receivers with respect
to a single (common) transmitter (1, or T,). These signals
can be combined and related to the measured attenuation A
and phase-shift ¢, as follows:

(4a)

V7, R, ]
VT1=H2

- 1‘{@?"1 Gp, fk, f‘l)]
- GTI Gﬂzf(ka FZ)

_1ﬂ(GR1f(ka f’l)]

T\ Gy, flk, rp)
VTZ,HZ]_lﬂ(GTZGHZf(ka F’l)] (4b)
"\ Gy, Gg, flk, )

_1n(GR2f(ka f‘l)]
~\Gg, flk, )

However, 1t can be seen from equation 4a or 4b that, the
cllect of the (short- and long-term) variations 1n the overall
gains (G,, G,) of the receiving antennas (R,, R,) 1s not
removed based on this differential measurement scheme
involving combining the signals from one transmitter
antenna with two receiving antennas. Note that the antenna
spacings (r,, r,) have to be suthiciently diflerent to make
possible the determination of the flow mixture wave number
k(€,0) (of equation 2) from the measured attenuation A
and/or phase-shift ¢.

However, for scheme comprising the configuration shown
in FIG. 6 with two transmitting antennas (T ,, T,) and two
recerving antennas (R,, R,), and with two known but
unequal spacings (r,, r,), the compensation method accord-
ing to the present invention can then be applied. The
compensation method enables eliminating further the effects
of the gains of the receiving antennas that may be slightly
different. The compensation method effectively involves the
averaging of the two diflerential measurements given 1n
equations 4a and 4b, viz.

ATl — ﬁtjb;rl = lﬂ(

(Ar, —igr )+ (Ar, —ir,) (5)

AT T, —IDT|.T, = 5 =
l[lﬂ(Gﬁl fk, f‘l)] _I_ln(GHzf(ka f‘l)”
2| \Gr, flk,r2) Gr [k, r2)

_ fk, f‘l)]
f&, r2)

Thus, by rapidly processing the resulting attenuation
Ay r, and phase-shift ¢,. ;. derived from the signals at the
receiving antennas relatively to the two transmitting anten-
nas, operated e.g., according to antennas having pure mag-
netic dipole mode (see EP 1901094) or having pure electric
dipole mode, or having both mode (see EP 1983357), it 1s
possible to determine rapidly the electromagnetic properties
(k) of the flow medium by means of a mathematical inver-
s1on algorithm.

For example, for the electric and magnetic dipole modes
given 1n equation 1, the theoretical values of the compen-
sated attenuation Ay ;. and phase-shift ¢, ; can be derived
as follows:
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(6)

AT, T, S

Fiy oo 1 — k*ri
3 111(5) +ik(rp, —r ) +1 Ltk K272

1 — ik
31n(r—1)+ﬁk(r2—rl)+1n(, g Fl]

i) 1 — ﬁkﬁ“‘z

( —ﬁki’l

] electric- dipole

magnetic-dipole

)

Hence, given the transmitter-receiver spacings (r,, r,), from
Equation 6, we can have 1n general the following two set of
equations:

Ar, 7,7 (K)=F(E,0;m)

¢, = IHK)=F5(E,00) (7)

Based on the compensated attenuation and phase-shift
measurements (Ar 7 Or, 7,) at one or a plurality of fre-
quencies (w) that are free from short- and long-term drifts
cllects of all the sensing antennas and their electronics
circuit, the permittivity € and the conductivity o of a
multiphase flow 1n the sensing region of the EM sensor can
be calculated by means of appropriate mmversion calcula-
tions, from the following set of inverse equations of the
Equation 7:

=134 11,2971, 12;0)

(8)

The early water detection and water volume fraction deter-
mination of the flow mixture in the blind-tee can then be
derived from the calculated permittivity € and/or the con-
ductivity o of the tlow, by the use of appropriate permittivity
and conductivity mixing laws. The water conductivity o, .
(salinity) can also be determined from the measured the
mixture permittivity € and the mixture conductivity o for a
multiphase mixture containing water (see U.S. Pat. No.
6,831,470). This facilitates a water fraction (and WLR)
determination 1 a changing water salinity situation, for
example due to formation water breakthrough or water
flooding.

In some embodiments, as can be seen 1n FIG. 7 (also 1n
FIG. 3A or FIG. 3B), four signals can be obtained from the
different T-R combinations: near and far receiver measure-
ments (T,R,) and (T,R,) from the transmitter T,, and near
and far recerver measurements (1,R,) and (1T,R;) from the
transmitter T,. It can be appreciated that the measurement
region of the compact probe shown in FIG. 7 (or in FIG. 3A,
FIG. 3B) 1s mainly in the vicinity of the 4-antenna aperture,
near the pipe conduit inner wall, such as 1n the liquid-rich
regions 1n blind-tee (FIGS. 1 and 2). These signals depend
on the combined antenna element and electronic element
gain (G, Gz) of the transmitting and recerving paths (e.g.,
a function of the transmitter-receiver electric/magnetic
dipole areas and their load impedances, gains of transmitting
and recerving amplifiers), and on the influence of the mul-
tiphase tlow medium that may be expressed with a function
0 depending on antennas operating 1n a pure electric dipole
mode or 1 a pure magnetic dipole mode, or both. This
function 0 depends on the wave number k of the flow
mixture (equation 2) and the distance r between the trans-

mitting-recerving antennas, and can be written as 1n equation
1

With respect to FIG. 7 (FIG. 3A or 3B), with a two-

transmitter two-recerver configuration (with r, and r, being
the distances between transmitters and receivers), four trans-
mission absolute-measurement signals (being complex of

O=F4(d 11, 2:P711,72;0)
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magnitude and phase) can be obtained from each of the four
combinations of transmitter and receirving antenna, as in
equation 3.

Equation 3 shows that the effect of the short- and long-
term variations in the overall gains (G, G, Ggr;, Gg,) Of
both the transmitting antennas (T,, T,) and the receiving
antennas (R, R,) aflect the signal reading between any one
transmitting antenna and any one receiving antenna.

The ratio of the absolute complex measurement of two of
the receivers with respect to a single (common) transmitter
(T, or'l,) can be processed to yield the measured attenuation
A and phase-shift ¢ as in equations 4a and 4b.

Equation 4a or 4b shows that the eflect of the short- and
long-term variations in the overall gains (G, G,,) of the
receiving antennas (R,, R,) 1s not removed based on the
partial differential measurement scheme 1nvolving combin-
ing the signals from one transmitter antenna with two
receiving antennas. The full compensation method enables
climinating further the effects of the gains of the receiving
antennas that may be slightly different; 1t effectively yields
the result shown i1n equation 5 by averaging of the two
partial differential measurements given in equations 4a and
4b.

Thus, by processing the resulting attenuation A, . and
phase-shift ¢, . derived from the signals at the recerving
antennas relatively to the two transmitting antennas, oper-
ated e.g., according to antennas having pure magnetic dipole
mode (see EP 1901094) or having pure electric dipole mode,
or having both mode (see EP 1983357), the electromagnetic
properties (k) of the flow medium (near the aperture of the
compact-probe sensor installed in the blind-tee liquid rich
regions) may be determined by means of a mathematical
inversion algorithm, as in the processing steps shown 1n
equations 6, 7 and 8.

For cross-pipe eclectromagnetic sensor arrangement
shown 1n FIG. 6, the compensated measurement according,
to the present invention based on a magnetic dipole mode
enables a deep radial depth of investigation into the tlow
mixture (e.g., into the gas-core 1n the case of an annular
gas-liquid tlow). The compensated measurement according
to the invention based on an electric dipole mode enables a
shallow radial depth of investigation into the tlow mixture
(e.g., near the liquid annular layer on the pipe wall 1n the
case of an annular gas-liqud flow).

Based on the compensated attenuation and phase-shift
measurements (A 7, ¢r, ) at one or a plurality ot fre-
quencies (w) that are free from short- and long-term drifts
cllects of all the sensing antennas and their electronics
circuit, the permittivity € and the conductivity o of a
multiphase flow (e.g., the entire gas-liquid mixture and/or
the liquid annulus 1n the case of an annular flow) can be
calculated by means of appropriate mversion calculations,
from the set of mverse equations of the Equation 8.

The water fraction of the flow mixture (e.g., the water-
in-liquid-ratio WLR of the liquid annulus 1n the case of an
annular tlow) and the gas fraction of the flow mixture (e.g.,
the gas-core diameter 1n the case of an annular flow) can
then be dertved from the calculated permittivity € and the
conductivity o of the flow, by the use of appropnate per-
mittivity and conductivity mixing laws. The water conduc-
tivity o, .. (salinity) can also be determined from the
measured the mixture permittivity € and the mixture con-
ductivity o for a multiphase mixture containing water (see
U.S. Pat. No. 6,831,470). This facilitates a water fraction
(and WLR) determination i a changing water salinity
situation, for example due to formation water breakthrough
or water flooding. A robust detection of the water fraction
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and water-salinity change 1s also important for subsea-well
flow assurance, for the controlled mjection of hydrate and/or
corrosion inhibitors. Online water-salinity estimate from
RE/microwave sensor also enables correction for the mass
attenuation coethicients of the water calibration points of a
dual-energy or multi-energy nuclear based multiphase tlow
meter (see U.S. Pat. No. 6,831,470).

FIG. 8 shows 1n cross-section, an electromagnetic sensor
cross-pipe arrangement of two transmitters, T, and T,, and
four receivers, R, to R,. It 1s to be noted that there 1s a
notional line of symmetry passing through the centre of the
conduit. In this arrangement the method according to the
invention described 1n relation to FIG. 6 can be carried out
in two separate ways. Firstly, the method can be carried out
involving transmitters T, and T, and receivers R, and R.,.
Secondly, 1t can be carried out involving transmaitters T, and
T, and recervers R, and R,,. This will yield two compensated
measurements of phase-shift and amplitude attenuation.

FIG. 9 shows in cross-section, another electromagnetic
sensor arrangement of two transmitters T, and T, and four
recervers R, to R,. It 1s again to be noted the notional line
of symmetry passing through the centre of the conduit. As
for the arrangement shown 1n FIG. 8, this arrangement can
establish two compensated measurements of phase-shift and
amplitude attenuation. However, 1n view of the positioning
of R; and R, the compensated measurement involving these
receivers 1s sensitive to the fluid properties 1n the vicinmity of
the inner wall of the conduit. As the compensated measure-
ment mvolving R, and R, provides flow information cross-
pipe, this combination of the compensated measurements
can be particularly informative, particularly if there 1s likely
to be an annulus of liquid flowing along the inner wall of the
conduit with a gas core 1n the centre, or if there 1s a stratified
liquid layer at the underside of a horizontal conduit where
recervers R, and R, (and transmitters T, and T,) are co-
located. Performing compensated measurements at the lig-
uid water-rich region at a pipe underside, such as at the
horizontal blind-tee inlet of a multiphase-tlowmeter mea-
surement pipe section, provides a more robust detection of
water conductivity/salinity at multiphase and/or wet-gas
(high gas-volume-fraction) flow conditions. It can be appre-
ciated that a compact probe such as that shown 1n FIGS. 3 A,
3B or FIG. 7 can be used to perform compensated measure-
ment of the properties of liquid (such as WLR, water
salinity) 1n the vicinity of the compact-probe aperture that 1s
preferably installed 1n a chosen liquid-rich region of a
conduit (such as at the horizontal blind-tee inlet of a mul-
tiphase-flowmeter measurement pipe section).

FIG. 10 shows, 1n oblique view, another arrangement of
two transmitters T, and T, and two recervers R, and R,. In
this arrangement the transmitters and receivers are not all
located at the same axial position. However, it 1s to be noted
that there 1s a line of symmetry passing through the centre
of the conduit. The method of the invention as described 1n
relation to the arrangement shown i FIG. 6 can be carried
out 1n the same manner. This arrangement provides infor-
mation extending along a portion of the length of the
conduit, so may provide additional useful information.

FIG. 11 shows an exemplary schematic circuit diagram
for the basic arrangement shown 1n FIG. 6, or in FIGS. 3A,
3B or FIG. 7 1n the case of a compact probe. A radio
frequency (RF) synthesizer provides output energy in the
microwave or radio frequency region of the spectrum (e.g.,
from 10 MHz to 10 GHz). A local oscillator frequency (LO)
synthesizer 1s chosen to yield an Intermediate Frequency
(IF=LO-RF) which 1s sufliciently high (e.g., >100 kHz) to
enable rapid amplitude-phase measurement of all T-R com-
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binations. The output of the RF synthesizer 1s coupled
through an 1solator to an electronic switch (1x Switch), the
two outputs of which connect to the transmitting antennas T,
and T,. The switch 1s controlled by a control signal from a
processor energising each transmitter 1n turn, e.g., for a few
microseconds each.

The recerving antennas R, and R, simultaneously detect
the RF signal passing through the conduit which pass to a
respective low-noise amplifier (LNA,; and LNA,). The
amplified RF signals then pass to a respective mixer which
1s also fed with an approprately amplified local oscillator
(LO) signal. The down-converted R, and R, receivers’ IF
signals are then amplified once more with appropriate low-
pass filtering and pass to analogue-to-digital converters for
digitization before passing to the processor. The method of
the 1nvention can be carried out by suitable comparison of
the transmitted and received signals. The amplitude-ratio
and phase-difference are calculated by the processor, which
also controls the sequencing of the Tx Switch to alternate the
two transmitters (and the selection of RF and LO frequen-
cies, amplifiers’ gains, etc.). The processor computes com-
pensated transmission attenuation and phase measurements
as of equation 35, at a desirable, rapid data rate and/or with
proper time averaging, and performs subsequent flow-mix-
ture permittivity and/or conductivity inversions and multi-
phase-flow phase fraction and/or water conductivity deter-
minations. The processed data can be transmitted through a
Data Link for recording/storage/display or further process-
ing with combination of other measurements such as venturi
differential-pressure and/or nuclear mixture density.

FIG. 12 1s a flow diagram, illustrating how the signals
from an arrangement comprising two transmitters, T, and
T,, and four recervers, R, to R, such as that shown in FIG.
8 or FIG. 9, can be combined to produce two compensated
measurements according to the invention.

FIG. 13 1s a flow diagram, illustrating how the signals
from an arrangement comprising two transmitters, T, and
T,, and n receivers, where n 1s an even number, can be
combined to produce n/2 compensated measurements
according to the mmvention.

The underlying method of compensated measurements of
this invention should be applicable to other low-1irequency
clectrical measurement techniques, such as those based on
clectrical capacitance, electrical resistance or conductance,
clectrical impedance and/or electrical inductance methods,
or based on their combinations. This includes electrical
tomography methods imnvolving the use of multiple capaci-
tance, resistance, impedance sensing electrodes, or induc-
tance sensing coils, for performing compensated measure-
ments ol various appropriate electrode-pair or coil-pair
combinations, 1n a same pipe cross section or in different
pipe cross sections, at vertical, horizontal or other pipe
inclinations.

The underlying method of compensated measurements of
this invention should be applicable to other higher frequency
clectrical measurement techniques, such as those based on
millimeter-wave (or Terahertz frequency) measurement
techniques, including Terahertz tomography-based methods.

Those skilled 1n the art would appreciate that the under-
lying method of compensated RF/microwave measurements
of this ivention for robust mixture permittivity and/or
conductivity measurements can be used 1n combination with
a gamma-ray or X-ray densitometer, and in combination
with a multi-energy gamma-ray or multi-energy X-ray sys-
tem.
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Further, any of the above can be used 1n combination with
a differential-pressure device. The differential-pressure
device 1s preferably a venturi tube or a venturi nozzle.

While the principles of the disclosure have been described
above 1n connection with specific apparatuses and methods,

it 1s to be clearly understood that this description 1s made
only by way of example and not as limitation on the scope

of the mvention. Further, the described example embodi-

ments or portions of the described example embodiments
may be combined.

What 1s claimed 1s:

1. A system for determining water volume fraction, water-
in-liquid ratio and/or water conductivity of a multiphase
mixture, comprising:

a blind-tee comprising an inlet, a horizontal conduit, an

end section, an outlet and a vertical conduit, wherein:
the horizontal conduit comprises a first end and a

second end and a top section and a bottom section;
the inlet 1s disposed at the first end of the horizontal

conduit;
the inlet and the horizontal conduit are configured in

use to provide a substantially horizontal flow path for
the multiphase mixture tflowing into the blind-tee
through the 1nlet and along the horizontal conduat;

the top section comprises the portion of the horizontal
conduit above an imaginary horizontal plane running
through the middle of the conduit;

the bottom section comprises the portion of the hori-
zontal conduit below the imaginary horizontal plane
running through the middle of the conduait;

the vertical conduit joins the horizontal conduit at an
opening intermediately between the first end and the
second end of the horizontal conduit and the vertical
conduit 1s configured such that 1t 1s orthogonal to the
imaginary horizontal plane such that in use the
multiphase mixture tlows through the opening 1n the
horizontal conduit, vertically through the wvertical
conduit and out of the outlet; and

the end section 1s disposed at the second end of the
horizontal conduit; and

at least one electromagnetic sensor coupled with the

bottom section and/or the end section of the horizontal
conduit where a liquid rich region forms below the
imaginary horizontal plane running through the middle
of the conduit and configured to measure rapidly at
least one value of an amplitude-attenuation, a phase-
shift, a conductivity and a permittivity of the multi-
phase mixture,
wherein the at least one electromagnetic sensor trans-
mits and/or receives signals at one or more frequen-
cies 1n the radio frequency and/or microwave ire-
quency spectrum; and

a processor in communication with the at least one

clectromagnetic sensor and configured to process at
least one of a water volume fraction, a water-in-liquid
ratio and a water conductivity of the multiphase mix-
ture from the at least one value of measured amplitude-
attenuation, measured phase-shift, measured conduc-
tivity and measured permittivity of the multiphase
mixture.

2. The system of claim 1, wherein the at least one
clectromagnetic sensor 1s coupled with the second end of the
horizontal conduit below the imaginary horizontal plane
running through the middle of the horizontal conduat.

3. The system of claim 1, wherein the at least one
clectromagnetic sensor 1s disposed between the opening at
which the vertical conduit joins the horizontal conduit and
the second end of the horizontal conduit.
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4. The system of claim 3, wherein the at least one
clectromagnetic sensor 1s disposed appurtenant to the open-
ing at which the vertical conduait joins the horizontal conduat.

5. The system of claim 1, wherein the vertical conduit
extends vertically downwards from the horizontal conduit.

6. The system of claim 5, wherein the at least one
clectromagnetic sensor 1s disposed appurtenant to and

upstream of the opening at which the vertical conduit joins
the horizontal conduit.

7. The system of claim 1, wherein the at least one
clectromagnetic sensor 1s disposed substantially flush with
an interior wall of the horizontal conduait.

8. The system of claim 1, wherein the at least one
clectromagnetic sensor comprises at least one electromag-
netic transducer operating n the microwave Irequency
range.

9. The system of claim 1, wherein the at least one
clectromagnetic sensor comprises at least one of an open-
ended coaxial probe antenna and a magnetic dipole antenna.

10. The system of claim 1, wherein the at least one
clectromagnetic sensor comprises a plug comprising a {irst
clectromagnetic transmitter, a second electromagnetic trans-
mitter, a first electromagnetic receiver and a second elec-
tromagnetic receiver.

11. The system of claim 10 wherein the first electromag-
netic transmitter and the first electromagnetic receiver are
separated by a first distance, the first electromagnetic trans-
mitter and the second electromagnetic recerver are separated
by a second distance, the first electromagnetic recerver and
the second electromagnetic transmitter are separated by a
distance substantially equal to the second distance and the
second electromagnetic transmitter and the second electro-
magnetic receiver are separated by a distance substantially
equal to the first distance, and wherein the first and second
distances are substantially different.

12. The system of claim 1, wherein the at least one
clectromagnetic sensor comprises at least one magnetic
dipole antenna covered by a dielectric window.

13. A method for determining water volume Iraction,
water-in-liquid ratio and/or water conductivity of a multi-
phase mixture, comprising:

flowing the multiphase mixture through a blind-tee com-

prising an 1inlet, a horizontal conduit comprising an
upper section above a midpoint of the horizontal con-
duit and a lower section below the midpoint, an end
section, a vertical conduit, an opeming between the
horizontal and the wvertical conduits and an outlet,
wherein the multiphase mixture 1s flowed: through the
inlet, horizontally through the horizontal conduat,
through the opening into the vertical conduit and ver-
tically out of the vertical conduit through the outlet,
whereby there 1s a liquid rich region in the lower
section of the horizontal conduat;

using an eclectromagnetic system to emit an electromag-

netic signal into the multiphase mixture 1n the horizon-
tal conduit and at least one of measure or receive an
output electromagnetic signal, wherein the output elec-
tromagnetic signal comprises the emitted electromag-
netic signal transmitted through at least a portion of the
liquid rich region of the multiphase mixture in the
lower section of the horizontal conduit;

wherein the emitted electromagnetic signal and the output

clectromagnetic signal are at one or more frequencies
in the radio frequency and/or microwave Irequency
spectrum; and

processing properties of the multiphase mixture from the

output electromagnetic signal to determine water vol-
ume fraction, water-in-liquid ratio and/or water con-

ductivity of a multiphase mixture.
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14. The method of claim 13, wherein the electromagnetic
system 1s configured to emit the electromagnetic signal into
the multiphase mixture at a location which 1s at least one of
a first location 1n the lower section of the horizontal conduit
at the end section, a second location 1n the lower section of
the horizontal conduit between the opening and the end
section, a third location 1n the lower section of the horizontal
conduit proximal to the opening, and a fourth location 1n the
lower section of the horizontal conduit below the opening.

15. The method of claim 13, wherein the emitted elec-
tromagnetic signal 1s emitted through a dielectric window.

16. The method of claim 13, wherein the electromagnetic
system comprises a transceiver.

17. The method of claim 13, wherein the electromagnetic
system comprises at least one electromagnetic transmitter
and at least one electromagnetic receiver.

18. The method of claim 13, wherein the electromagnetic
system comprises a plug comprising a plurality of electro-
magnetic transmitters and a plurality of electromagnetic
receivers.

19. The method of claim 18, wherein at least one of the
plurality of electromagnetic transmaitters and the plurality of
clectromagnetic receivers comprises a transceiver.

20. The method of claim 18, wherein the electromagnetic
system 1s configured to measure a first signal from a first
clectromagnetic transmitter to a {first electromagnetic
receiver separated by a first distance, measure a second
signal from the first electromagnetic transmitter to a second
clectromagnetic receiver separated by a second distance,
measure a third signal from a second electromagnetic trans-
mitter to the first electromagnetic receiver separated by a
distance substantially equal to the second distance, measure
a Tourth signal from the second electromagnetic transmitter
to the second electromagnetic receiver separated by a dis-
tance substantially equal to the first distance, and wherein
the first and second distances are substantially diflerent.

21. The method of claim 20, further comprising:

processing the first, second, third and fourth signals to

obtain at least one of phase-shiit and amplitude attenu-
ation independent of gain values applied to the first and
second transmitters and receivers; and

processing the at least one of the phase-shift and ampli-

tude attenuation to determine at least one of a permit-
tivity and a conductivity of the multiphase mixture.

22. A system for determining water volume {fraction,
water-in-liquid ratio and/or water conductivity of a multi-
phase mixture, comprising;

a blind-tee comprising an inlet, a horizontal conduit, an

end section, an outlet and a vertical conduit, wherein:
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the horizontal conduit comprises a first end and a
second end and a top section and a bottom section;

the inlet 1s disposed at the first end of the horizontal
conduit;

the inlet and the horizontal conduit are configured in
use to provide a substantially horizontal tlow path for

the multiphase mixture flowing into the blind-tee

through the 1nlet and along the horizontal conduait;

the top section comprises the portion of the horizontal
conduit above an 1imaginary horizontal plane running
through the middle of the conduit;

the bottom section comprises the portion of the hori-
zontal conduit below the imaginary horizontal plane
running through the middle of the conduit;

the end section 1s disposed at the second end of the
horizontal conduit;

the vertical conduit joins the horizontal conduit at an
opening intermediately between the first end and the
second end of the horizontal conduit and the vertical
conduit 1s configured such that 1t 1s orthogonal to the
imaginary horizontal plane such that in use the
multiphase mixture flows through the opening 1n the
horizontal conduit, vertically through the wvertical
conduit and out of the outlet; and

two electromagnetic transmitters and two electromagnetic

receivers operating at one or more frequencies in the
radio frequency and/or microwave frequency spectrum
which are coupled with the horizontal conduit at posi-
tions such that signals from the transmitters to the
receivers pass through the bottom section of the hori-
zontal conduit, the positions being such that the first
clectromagnetic transmitter and the first electromag-
netic recerver are separated by a first distance, the first
clectromagnetic transmitter and the second electromag-
netic receiver are separated by a second distance, the
first electromagnetic receiver and the second electro-
magnetic transmitter are separated by a distance sub-
stantially equal to the second distance and the second
clectromagnetic transmitter and the second electromag-
netic receiver are separated by a distance substantially
equal to the first distance, and wherein the first and
second distances are substantially different; and

a processor 1 communication with the electromagnetic

receivers and configured to process at least one of a
water volume {raction, a water-in-liquid ratio and a
water conductivity of the multiphase mixture from the
clectromagnetic signals recerved by the electromag-
netic receivers.
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